To identify new bacterial type III secreted effectors is computationally a big challenge. At least a dozen machine learning algorithms have been developed, but so far have only achieved limited success. Sequence similarity appears important for biologists but is frequently neglected by algorithm developers for effector prediction, although large success was achieved in the field with this strategy a decade ago. In this study, we propose a recursive sequence alignment strategy with Hidden Markov Models, to comprehensively find homologs of known YopJ/P full-length proteins, effector domains and N-terminal signal sequences. Using this method, we identified 155 different YopJ/P-family effectors and 59 proteins with YopJ/P N-terminal signal sequences from 27 genera and more than 70 species. Among these genera, we also identified one type III secretion system (T3SS) from Uliginosibacterium and two T3SSs from Rhizobacter for the first time. Higher conservation of effector domains, N-terminal fusion of signal sequences to other effectors, and the exchange of N-terminal signal sequences between different effector proteins were frequently observed for YopJ/P-family proteins. This made it feasible to identify new effectors based on separate similarity screening for the N-terminal signal peptides and the effector domains of known effectors. This method can also be applied to search for homologues of other known T3SS effectors.
Introduction
Bacterial type III secretion systems (T3SSs) play important roles in interaction with host cells. 1, 2 T3SSs are widely distributed among gram-negative bacteria; more than one hundred genera have been found with at least one copy of T3SS (Hu et al., unpublished). The apparatus component proteins of a T3SS assemble a needle-like conduit spanning bacterial cellular membranes, recognizing and translocating T3SS effector proteins into host cells. 1, 2 These effector substrates exert the pivotal function to facilitate the interaction between bacteria and host cells, further causing symbiosis or pathogenesis. Disclosing molecular interactions between the effectors and host cellular molecules as well as their consequences, would facilitate understanding corresponding bacteria-host interaction mechanisms.
It is consistently a big challenge to identify new type III secreted effectors. 3, 4 Effectors are frequently transferred among bacterial strains by horizontal transfer and the number and catalog of effectors varies between species. Moreover, the nucleotide and amino acid sequences show low similarity and few conserved features among different effectors, making it difficult to identify new ones by sequence alignment strategies. Despite some debate, overwhelming experimental and bioinformatic evidence supports the hypothesis that the N-terminal amino acid sequences of effectors contain T3SS-recognized signals. [5] [6] [7] [8] [9] This opens a window for in silico screening for new effectors by bioinformatic methods. Various conserved properties exist in the N-termini of effectors, and based on these features, dozens of algorithms have been developed to make de novo predictions. [8] [9] [10] [11] [12] [13] [14] Success was achieved using the established bioinformatic algorithms and tools, but with large limitations. High false positive rates are the main problem, which is caused by over-fitting of the models. Currently, methods tend to be too focused on the sequence and structural property of N-terminal signals of effectors, while other regions (e.g., effector domains, chaperone binding domains, etc.) and other important features (e.g., evolutionary property of species or sequences) were seldom strengthened or combined for consideration. [15] [16] [17] [18] Some hypotheses also need to be further justified, for example, the common signal recognition mechanisms among T3SSs and the minimum signal length. These hypotheses formed the basis for the various effector prediction algorithms. After justification, the training effectors should be further refined and categorized, conserved features are trained more specifically and precisely, and the predictors are finally built with an expectation of higher accuracy. We have been in such an attempt to build a T3SS effector prediction package. According to our and others' experience, the sequence alignment-based strategies, if possible, always generated more precise results. [19] [20] [21] These effector candidates should be screened with a higher priority in the first stage. However, it is often difficult to find proteins with low homology to known effectors.
In this research, we focused on a T3SS effector family, YopJ/P, exploring its evolutionary sequence properties. YopJ/P-family effectors are distributed in multiple human or plant pathogens, playing important roles in bacterial interaction with host cells as a ubiquitin-like protein protease. [22] [23] [24] We expected to use YopJ/P as an example, showing how to better use the global and regional sequence conservation and Hidden Markov Models to find with a higher sensitivity more probable new effectors in multiple bacterial strains. based on ten core apparatus proteins did not detect any T3SS from these strains.
Results

Variation of the signal sequence and conservation of the effector domain
In most of the genera, YopJ/P homologs are present in a limited subset of species or strains. For Yersinia, Salmonella and Bartonella, multiple species/strains encode the gene (Table 1 ). In Yersinia, yopJ/P is encoded on plasmids, and mobile elements like integrases are often found to flank the gene ( Figure 1 ). The avrA gene, encoding the YopJ/P homolog in Salmonella, is located in a pathogenic island ( Figure 1 ). The yopJ gene in Bartonella is flanked by phage proteins and therefore is likely originated from a phage ( Figure 1 ). Taking together, the yopJ/P genes are widely spread, apparently through various horizontal gene transfer events.
The similarity between the full-length YopJ/P homologs of different bacteria is uneven for different regions of the proteins ( 
Effectors identified by sequence similarity of C-terminal effector domains
Based on previous reports and the current observations on the distribution of pairwise similarities along sub-fragments of YopJ/P proteins, the N-terminal ~100-aa region was defined as signal peptide while the rest part represented the YopJ/P effector domain. (Figure 3 ).
In Pseudomonas, the YopJ/P-family effectors are only present in species that represent plant pathogens ( and Sinorhizobium fredii NGR234, and a marine bacterium Marinomonas mediterranea MMB-1, each also has one or more N-terminal divergent YopJ/P-containing proteins ( Table 2 ). Some of the homologs in Xanthomonas, Ralstonia and Sinorhizobium have been proved to be true effectors delivered to host cytoplasm through T3SS conduits.
Splitting and fusion of N-terminal signal sequences
In some bacteria, especially Pseudomonas, Xanthomonas and other plant pathogenic species, the YopJ/P proteins show an interesting N-terminal splitting and fusion phenomenon, which was previously noted as 'terminal reassortment'. 17 Homologs of the N-terminal signal sequence of AJW66323.1 were found to widely fuse with divergent YopJ/P effector domains ( Figure 4B ). For the N-terminal signal sequences of CAJ23833.1, homologs were not only found to fuse with YopJ/P effector domains, but also fused to other domains, such as XopE effector domains ( Figure 4B ). These AvrXacE/XopE family proteins were validated to be true effectors secreted through Xanthomonas T3SS conduits. 26 Similarly, the signal sequences of N-terminal extended AJW66323.1 or N-terminal reduced CAJ23833.1 homologs were also found to fuse with different YopJ/P or XopE effector domains.
Taken together, the results indicated that the T3SS signal sequences could be considered as domain-like units, which may fuse with or split from other domains as a whole to enable or disable the translocation of effectors via T3SS conduits.
Identification of new T3SS effectors with YopJ/P N-terminal homology profiles
The homologs of different N-terminal signal sequences of YopJ/P proteins were collected to build HMMs, which were used in a two-step recursive procedure to identify potential new effectors with T3SS-recognizable signals (Materials and Methods; Supplemental File 2).
In total, 4 major profiles and 8 minor profiles were classified for the N-termini of YopJ/P proteins. The largest profile comprised protein fragments from Yersinia, Salmonella, Aeromonas, Edwardsiella, Serratia, Vibrio, Pseudovibrio, Escherichia and Lonsdalea. The sequences showed a significant number of substitutions but insertions or deletions were rare.
In contrast, for Bartonella, Yersinia and others, despite high similarity for the full-length proteins or effector domains, the N-termini of YopJ/P often showed large or multiple insertions and deletions. Because no T3SS was detected in strains with genome sequences finished (as shown before), the Bartonella YopJ/P N-termini were excluded for profile training. The other 3 major profiles were mainly present in plant pathogens or symbionts.
Though most proteins had been identified through global sequence alignment or YopJ/P effector domain profile screening, multiple effectors from 7 different genera were newly identified using the N-terminal signal profiles (Table 3) Sequence similarity generally predicts the conservation of function. Therefore, the effectors identified through homology screening strategies are expected to be true with higher probability. However, we found putative YopJ/P members in Bartonella and Xenorhabdus, two genera for which representative strains were not found with any T3SS apparatus. Bartonella is particularly interesting. For a majority of Bartonella species, each has at least one copy of YopJ/P homolog, and a selection analysis demonstrated a strong purifying selection of the gene (data not shown). Since there was no T3SS identified in Bartonella, it's unlikely that the YopJ/P protein could exert its function as a T3SS substrate. It is possible that the protein might have other routes to enter host cells to exert effector function, or perhaps it has other important roles inside bacterial cells. It is noted that the N-termini of Bartonella YopJ/P proteins showed apparent inserts and deletions (indels), whereas the homologs in other genera like Salmonella, Aeromonas, Edwardsiella, Escherichia, Yersinia and others, seldom had indels even though 1 0 the global sequence similarity was not as high. Even though a very limited subset of strains had YopJ/P proteins in many genera other than Bartonella and Xenorhabdus, these strains all had at least a T3SS, and therefore, the proteins still had the ability to translocate through the T3SS conduit and function as T3SS effectors. The genes could be acquired through horizontal transfer events since there were often signatures shown in the flanking sequences ( Figure 1 ).
We found three T3SSs in two bacterial genera, one in Uliginosibacterium and two in Rhizobacter. [27] [28] Uliginosibacterium gangwonense DSM 18521, isolated from a wetland, was not clear if it could invade any host. Since a T3SS and at least one effector were identified, it is most likely that this bacterium has the capability to invade and interact with host cells. 27 Rhizobacter sp. Root1221 is a member of Arabidopsis root microbiota and therefore could probably interact with Arabidopsis root cells through the two copies of T3SSs. 28 Although some bacteria such as Bartonella and Xenorhabdus obtained some effectors but do not have any T3SS, a strain detected with a putative effector is more likely to have T3SSs. Therefore, the de novo identification of effectors could also indicate the higher presence probability and prompt the identification of T3SSs in the strain.
In this research, we took the YopJ/P-family proteins as an example, to show that the effector domain itself could be used for effector screening, and that the splitting and re-fusion of T3SS signal sequences and different effector domains help identify more effectors by looking for the N-terminal homologs. Effectors of different families from the same or different bacterial species were frequently found with low sequence similarity, some showed structural or functional homology, and they were called 'T3-orthologs' together. 29 We showed here a relatively larger variance in the N-terminal signal sequences without which more effector domains could show higher and detectible similarity (Figure 2 ). On the other hand, Stavrinides et al showed the 'terminal reassortment' in many T3SS effectors. 17 We further extended the observation by finding both the exchanging of signal sequences and the fusion of new signal termini to form new effectors with varied length (Figure 4) . For the first time as we know, we classified the N-terminal signal sequences of YopJ/P proteins into 4 major profiles with several minor profiles, followed by recursively searching proteins with the similar N-terminal profiles.
The splitting and re-fusion of effector N-termini and the fusion of new N-termini to other effectors, indicated that the N-termini of T3SS effectors could be considered as independent signal domains, which could be further categorized into different T3SS signal families. This 
Materials and Methods
Datasets
Verified YopJ/P effectors were downloaded from T3DB. 29 The bacterial genome sequences and gene/protein annotation were downloaded from Genome, GenBank and Protein databases of National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). The full bacterial genome-encoding proteome were put together.
Hidden Markov Models
The protein sequences were pre-aligned with Clustalw (http://www.ebi.ac.uk/). The alignment results were used for Hidden Markov Model (HMM) profile training with HMMer (http://hmmer.janelia.org), which was further used for protein screening with the built profile.
Recursive sequence alignment
The recursive sequence alignment strategy was shown in Figure 5 . It contained three phases. In Phase 1, The full-length protein sequences of initial known effectors were put together for HMM profile training. Two recursive steps were involved. In Step 1, the effector proteins were directly aligned against all bacterial genome-encoding proteomes with blastp (http://www.ncbi.nlm.nih.gov), and meanwhile the HMM profile was searched from the bacterial proteomes. In Step 2, the representative homologs obtained in each genus were aligned for a second time against the complete bacterial proteome with blastp.
Similarly, the homologs obtained through the first step were used for HMM profile updating, and the new profile was screened again in the bacterial proteomes in the second step. All the homologs were collected, curated and redundancy filtering, forming the set of full-length homologs.
Each full-length YopJ/P homolog was split into the N-terminal signal sequence (first 100 amino acids) and the remaining protein sequence containing the C-terminal effector domain. In Phase 2, the N-terminal signal sequences were pre-aligned and classified based on the multiple sequence alignment results. For each cluster, the length was refined, and an HMM profile was built. The profiles were aligned against the bacterial proteome.
Only the proteins with similar profile in the N-termini were collected. The N-termini of homologs with the same 1 st 1 3 refined, and the updated profile was aligned against the bacterial proteomes. Proteins with similar N-terminal profiles were collected. In Phase 3, effector domains were aligned and used for domain profile training. The profile was further aligned against the bacterial proteome and the homologs with the effector domain were captured. The homologs from different genera were used for HMM profile updating and then the new profile was screened from the proteomes for another time.
Detection of Type III Secretion System apparatus proteins
The ten core apparatus proteins, SctC/D/J/N/Q/R/S/T/U/V, were downloaded from T3DB database. 29 For each protein family, a HMM profile was built. Each HMM profile was aligned against the target genome-encoding proteomes. Genome coordinates of the genes encoding the apparatus proteins were recorded, and the genomic adjacency was delineated and compared with other known T3SS genes. 1 6 The research was supported by a National Natural Science Foundation of China fund to YW (NSFC 81301390) and a National High Technology Research and Development Program ('863' Program) to ZG (SS2014AA022210-04). 
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